Differences in genetic susceptibility to hazardous chemicals affect individuals of both human and nonhuman populations. In both cases, differences in response to chemicals or general ill health result as a function of these differences in genetic susceptibility. However, ecological systems are a compilation of hundreds or even thousands of different species, resulting in structural and functional characteristics that are themselves affected by differences in susceptibility. Although individual and population differences in susceptibility to hazardous chemicals underlie effects at the community and the ecosystem level, they do not account for all differences. propose a twotiered approach to evaluating susceptibility to ecological systems: a general susceptibility as a function of ecosystem type (based on structure and function of that system) and a differential in susceptibility within broad ecosystem types as a function of biotic and abiotic factors. In terrestrial ecosystems, the two factors that most affect overall susceptibility are species diversity and hydrology; evaluation of the effects of hazardous chemicals involves measuring species diversity and water movement. This same methodological approach can be applied to aquatic ecosystems and to highly altered ecosystems such as agriculture, forestry, fisheries, and urbanization.
Introduction
Ecological systems have several levels of organization, from the component individuals, populations, and communities to the full ecosystems. Recently, the importance of landscape scale considerations has moved to the fore, as we realize that ecological processes cannot always be easily compartmentalized (1) (2) (3) (4) . Understanding the effects of chemicals and measuring or assessing the effects of chemicals at the different levels of organization in ecological systems requires understanding the factors that affect exposure and response (5, 6) . Differences in individual physiology, behavior, and ecology influence the extent to which individuals and populations are exposed to hazards, as well as how they respond (7) .
In this paper I examine what exposure and susceptibility mean within the different levels of ecological systems, provide examples of the factors that affect susceptibility (given equal potential for exposure), and derive a conceptual model for the differential susceptibility of different terrestrial ecosystems. Thus I propose an overall method for evaluating the effect ofchemicals on ecological systems.
Exposure, Response, and Susceptibility
Assessment of the effects of hazardous chemicals on human health has concentrated on the individual, and on organ, cellular, and subcellular causes of ill health (5, 8) . This has led to investigations aimed at identifying the mechanisms of action of the causative agents. A great deal of attention has been devoted to assessing biomarkers of exposure, effects, and susceptibility (9) (10) (11) . Presumably such biomarkers will allow earlier and more cost-effective detection of factors that predispose to or cause ill health. The overall goal is preserving, maintaining, or achieving health of the individual.
Health professionals recognize that people vary in their susceptibility to diseases and chemicals, and that understanding the causes of these differences is critical to understanding and predicting the effects of chemicals on humans (12, 13) . Susceptibility differences in humans can be genetic or phenotypic, and understanding differences in genetic susceptibility to toxic chemicals is a growing challenge for the health sciences. Lifestyle can modify these susceptibilities, including factors such as diet, exercise regime, and occupation.
Individual susceptibility as a function of genetic makeup also occurs in nonhuman biota and significantly influences the impact at the population, community, and ecosystem level (8) . Repeated or continued stresses can serve as evolutionary selective forces that change the character of organisms within ecosystems (14, 15) , but this aspect of response has received relatively littde direct attention (16 (24) . It is the structural and functional relationships that make examining susceptibility difficult in ecological systems. Methods for evaluating effects at higher levels of organization are less well studied than those for individual species.
Susceptibility at any level has to be considered in terms of some agreed outcome. At every level of ecological organization, from the individual to ecosystems, there are indicators or measures (biomarkers or bioindicators) of well-being (5, 6) . At the population level, population stability is the end point of concern (21) . In the case of ecosystems, methods to measure effects include changes in species numbers and diversity, loss of rare and endangered species, loss of primary productivity, disruption of nutrient cycles, and habitat loss and degradation, to name but a few (6, (25) (26) (27) .
Some other general aspects affect susceptibility of ecosystems, including ecosystem size, fragmentation, and landscape pattern. That is, even though a given ecosystem is largely undisturbed within its borders, its size and placement with respect to other ecosystems influences its susceptibility. For Individual species response Figure 2 . Relationship between the number and severity of keystone responses to severity of individual species responses. When there are many keystone species, and many species with high levels of responses to hazardous chemicals, the community or ecosystem will be more susceptible than systems without many keystone species.
hazardous chemicals. Two factors, however, stand out as having a greater effect than all others: hydrology and species diversity. Differences in fate and transport of chemicals through the system is critical to susceptibility because when chemicals move rapidly through a system, a higher proportion of the species are exposed and receive a higher acute dose than in systems where movement is slow. If it takes months or years for the chemical to be transported through the system, the effects will be less because of decreasing dose, and excretion or modification. Thus These two factors, hydrology and species diversity, allow for the possible development of a conceptual model for the differential susceptibility of different major ecosystems to hazardous chemicals ( Figure 3) . This model gives an indication of where the effects might be expected to be greatest, given equal exposures to the same toxic chemicals. The model predicts that arctic lakes will be the most susceptible, while tropical habitats will be the least susceptible.
Using this model for differences in susceptibility among ecosystem types, there are several methods for measuring variations in these two factors that would predict relative susceptibility. For hydrology, the speed and volume of water movement through a system could be measured. In the case of river and streams, this would be speed of movement through the channel. In the case of terrestrial systems, percolation could be measured. There are well-established methods for both of these parameters.
Species diversity can be measured by simply counting the number of species in the system. A more sophisticated methodology would include counting the number of species native to that ecosystem, and counting the number of exotic species. Total species diversity would be the sum of these two, but for examining the effects of chemicals, the number of native species is a better indication of lack of disruption. Species diversity can be interpreted only with an understanding of what species diversity should be in a relatively pristine system. (35 predict additional differences in c susceptibility to hazardous ch These will be discussed below. ) the list is not exhaustive, it is mea an overview of the kinds of fac affect susceptibility (Table 1) .
(34 (46 (47 To demonstrate that these factors can affect relative susceptibility of communities and ecosystems, I have chosen to list specific effects on individual species or types of species. However, it is critical to remember that if a factor renders a given species more or less susceptible to a hazardous chemical, then the effect on this species population will in all likelihood affect the other species it depends on and that depend on it, and other similar species may likewise be affected (Figure 1) . Previous exposure of an ecosystem to hazardous chemicals, either the same or a different one, can affect the overall response of the ecosystem because some of the organisms may have experienced selection for tolerance. That is, with High low-level exposure to a toxic substance, organisms predisposed to deal with the toxic substance survive and reproduce, while others less able to do so perish. Gradually the genetic makeup of the population shifts toward lower susceptibility. This has source been demonstrated both in laboratory experiments (15) and in the field (20) . Fish exposed to methylmercury for many years undergo selection such that eggs from these regions are less susceptible to mercury than those from other regions (14, 19 (48) exposed to chronic oil pollution are better (49) able to survive continued oil pollution than (50) are organisms from pristine habitats (33) . ( 19) The mere presence of some hazardous chemicals changes the susceptibility of (51) many organisms, despite similar exposures (Table 1) . For example, susceptibility of (52) fish and birds to mercury is reduced by the (18) presence of selenium (34) . This apparently operates at the absorption or uptake level (53) (35) , but the effects on populations and (18) communities are clear. Energy relationships of different (37) trophic levels affect bioaccumulation, and (54) thus long-term effects of hazardous chemicals (36) . Similarly, the level of organic matter present in an ecosystem affects the (55) release rate and bioavailability of chemicals, such as mercury (37 the systems will vary depending upon acidification, salinity, temperature, and seasonality (Table 1) . While each factor affects susceptibility predictably for many hazardous chemicals, understanding how these multiple factors interact will be challenging, but will contribute to our ability to predict ecosystem effects from hazardous chemicals. Finally, there are a variety of biological factors that affect ecosystem susceptibility, in addition to accumulation of organic matter. Social factors have been largely overlooked, but deserve attention. Epidemiologists and human health risk assessors are well aware that population dispersion and density can affect well-being and health (38) , yet these aspects are often ignored in ecological systems.
Burger and Gochfeld (7, 22) showed that young herring gulls were differentially susceptible to the effects of lead depending upon nesting density. That is, chicks that were in dense areas of the colony were more likely to be killed by neighbors (through the mechanism of delayed recognition of their parents and neighbors) in areas where neighbors were dose.
In the recent controversy over environmental estrogens (39) , it is likely that social factors are acting as one filter for differences in susceptibility. That is, environmental chemicals lead to a feminization of males in gulls and alligators, with decreased heterosexual pairing and abnormal sexual development (40) (41) (42) (43) . However sex ratios within the population partially determined the relative susceptibility of individuals: where sex ratios were heavily skewed toward females, there were more femalefemale gull pairs (44) . The effects of environmental estrogens, it seems to me, have the potential to be modified by the social environment, affecting susceptibility of individuals and populations.
